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1 INTRODUCTION

It is said that necessity is the mother of invention tiilXffi:!:Ti"Tities had to corne tosether

low budget in sett
uP a multiPhase
to the oil industry'

flow metering. A commercially available multi-

To stay within budget the team chose a

rs and electronics, avoided spool designs

remained to date'

irement frorn Shell Expro for low cost, high

that the major benefit to Shell Expro from

tical to use them to allocate production from

When approached by lmperial College in 1989

ll Expro saw the potential of the technique' but

followed. A multiphase m€ter using simple

eter in its own right, but the signal processing

at therE would be the possibility of enhanclng

the performance of other rnanufacture/s meterS wlthout having to change out the hardware'

She||Exprohasremainedthe|argestindustria|sponsorforESMER'

willing to participate in field prototyPe

was In danger of becoming yet another

field prototYPes'

This paper dascribes the first freld prototype flow meter which j1as been working at Shell's Auk

platform since Juty 1997 and discusses ihe tests that have been canied out io establish its

performance-

2 MULTIPHASE FLOW

It ls necessary to teke a brief look at the fundamentals of multiphase flow to understand the

ESMER methodologY.
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There have been two fundamentally different echools of study of multiphase flow. The traditional

school began by visual observation of the flow aiming to construct a unlversal flow regime map

t1l. For r6asons described next, an unequivocal a-priori determination of the flow regime was

central to the traditional approach.
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Figure 1 Mandhane Flow Regime MaP

"Universalisation" was hampered not just by but also by the subjective

nature of the visualisatlon effort and the lang lffaw whisfl flow regime

can be clted as an extreme example, For m traditional school adapted

the theory of single phase fluid mechanics to multi-phase floy by adding adjustment coafficients

into the determinisflc Newtonian f,uid mechanics models. Those serving englneering interests

lre dlagram' of the flow regime'

A new school of mulgphase investigators appeared in the late seventies provoked by new

devetopments In sensors and electlonics. These observed multi-phase flow at sampling

frequencies matching the time scales of the turbulence in the flow and chose probabilistic

meinods for mathemitical modelling of the observations [2, 3,4, 5, 6, 7, 8, 9' 10J.

3 EXPERT SYSTEM FOR MULTIPHASE FLOW METERING

This is when the team at tmperial College entered the foray, lt was still early days of applicatlon

of digltal signal processing in multiphase investlgatlons. Quito a number of our pradee,essors in

the "neu/' school trere eqiripped wiBr analogue electonics analysers whidt gave lhem a limited

range of mathematical capabilities. The precursor of ESMER was the fteedom of mathematical

anaiysis offered by the Otgltisatton of the random time sarles of the turbulent hydrodynamic

signits. The whole range of slgnat processing mathemaUcs as applied from voice recognition to

seismic analysis to mecicat science could now be imported off-the'shelf. An extensive

programme of tneoretical and laboratory investigations was conducted at lmperial College

between 19g6 and 19g4 examining and cllss rylng the random characteristlcs of multiphase flow

by digital signal analysis rnethods 111,12' 13,14,15, 16, 17, 18, 191'
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Figure 2 ESMER Featuro Contour Map and Feature Vector Gricl
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.**ptuuf and deterministic fiuid mechanics modals'

Suporficlal
Llquld

VelocltY,
m/s

Superflclal Gat Veloclty m's

Page 3



on/off

IEI

-> mass rates
I>

variableH

phase
distribudon

pipe dlameter, densitY'
viscoslty, salinlty'etc

Figure 3 ESMER ConcePtual Model

4 EOUIPMENT

The prototype flow meter (named AukESMER) comprised a non-intrusive 4 inch dtameter

pipeline spoot of 2m tength fiited wlth high frequency pressuro sensors (Druck and Statham) and

impeOance sensors (trle?idian). The spoolwas assembted by Daniel Europe Ltd'

The elecfonics comprised an impedance meter (PSL) and a Pc (Gateway) fitted with a multi-

channel A,/D. A software system developed by PSL ran on the Pc windows platform for

sampling, analysis and graphicat display of the measurements'

AP& Copocitonce Meter

Top DP
I on-2L\ U +

& Rodiot DP
Leo- i

Botton DP
Botton DP

Leg-?
& Rodiol DP------fsg.l-

Leo-?

uctonce Meter

Figure 4 GA Drawing of SPoolPiece
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Figure 5 PhotograPh of SPool Piece

The signal sampling parameters were as follows: sampling frequency of 800 Hz, sampling

period 
-ot 

+o.go s, piocessing time of 30 secs. The measurement frequency was once every

three minutes. A set of feaiures were derived from AP, Top DP, Bottom DP, radial DP and

conductance signals under the above sampling conditions'

Figure 5 AukEsrner User Interface

A distinctive character of the equipment is that there is no flow conditioner which aims to impart

on the equipment the .conceived' properties of an ideal flow regime' To the contrary, the

equipmeni benefits from the "naturali' occurrence of the flow regimes exasling under a given set

of pipeline and physico-chemical conditions'

This last stetement gives rise to the justifiable concern that ESMER requires some in-situ

calibration, This is irue but the difference between ESMER and any other commercially

available technique appears to be one of degree as we shall prooeed to demonstrate.
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5 CALIBRATION

The primary calibration of the systern was conducted at the National Engineering Laboratory.
Tests were conducted under the following range of conditiofls:

Water cut (259n MgSOa and 509/lM9SO4): 5o/olo75o/o
oilflow rate (Forties Grude/D8O Kerosene Mix 70/30):0.2 to 4 m/s
Gas flow rate (Nitrogen):0.4 to 20 m/s

Tha data samples were saparated Into two groups. One group was used for calibration and the

olher for testing.

The calibration procedure was as follows. A set of features were derived from each sensor, an

optimum feature set was selected and a bac* propagating neural net was trained against
reference measurements of the flow rates of individual phases,

The test procedure was as follows. The test group of samples were passed through the naural

net predictor algorithms and the result of the predlctions were compared against the recorded
reference (single phase) measurements for those test points. The results are shown in the

following figures. Relative enor ls deflned as (Measurement - Actual) / Actual.
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Figure I Gas Velocity Relatlv€ Accuracy
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Figure 9 Water-Cut AccuracY

The next figure shows the statistical distribution of error. Tho
resulting average (e.9. daily) flow rate should exhibit a

measurements.
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Figure 10 Statistical Distribution of Measurement Accuracy

6 FIELD TEST OVERVIEW

AukESMERwas installed on the ShellAuk Platform in the North Sea in June 1997. The neural

net obtained from the laboratory tests at NEL became the primary "factory" calibration with the

intention for it to be "tuned" for tield conditions (with as few in-situ measurements as possible).

on the first two trials in July and october 1997 no secondary reference measurernenls were

aveilable to execule lhis strategy. The meter was left in an operational condition gathering

original turbulent data samples which were shipped to base for analysis on a regular basis.

The first quantitative fielct re-calibration and tests took place between 29 April and 4 May 1998.

During these tests a production separalor was dedicated to the well. lt was run by the platform

superiisors and TracerFlow measurements were canied out by SGS Redwood to provide the

reierence 1ow rates. Three reference points were collected at 100, 75 and 50 percent of the

full operational flow rate. The flow rate was controlled by varying the water injection rate into

the welt Water-cut reference was measureit by base sand and water (BS&W) measurements
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well. Water-cut ref,erence was measured by bEse sand and water (BS&W) measurements

collected on an hourly basis. The gas flow rate was measured by an orlfice located at the gas

oulet of the low pressure (LP) separator, and the oil flow rate was measured by a turbine

located at the oil outlet of the low pressure (LP) separator, Wlthin the time permitted on the

platform, the ESMER factory calibration was re-tuned wlth the inclusion of two points drawn from

the separator measurements at 100 and 757o flcnr rates'

Upon return to base, a detailed progrern of study was started to analyse the extensive data

gathered from the ptafform to develop / iropose more advanced methods for fine tuning the

iactory calibration, In the first stage of the study, lhe factory calibration was re-tuned by drawing

data hom three flow conditions described qualltatlvely as 100%,75o/o ?nd 50% of the full

operagonal condltions, The tune up data was drawn frorn measurements conducted on a single

diy (f .S.98) and constituted a sparse contribution to the factory catlbration database.

Measurements were then simulated for three days ol operation (two days of which is

independent of the data used in tuning up the callbration) and compared wlth the average

reference measurements. This means a movlng av€rage of one hoUr against the separator and

ten minutes against the tracer. Under stable operating conditions ESMER matched the

separator and the tracer measurements with an accuracY of better than t10 percent. The match

was better 16sp +15 percent at low fiow ratee. The disagreement ls thought to be largely due to

the instability of the flow conditions at low flow rates where large changes were observed in the

fiow rates over the respective averaging periods.

on-line record of measurements taken by ESMER, updated every three mlnutes, show that

ESMER correcfly trends the changes in the flow rates in real time. As these changes were

imposed by the operators cutting down on water inJection rate into the well' there is an accurate

time log of the expected changei. These accord very wellwlth ESMER's predictlons.

7 FIELD TEST DETA]L

7.1 Referencemeaeurem€nta

Reference flow retes were prOvided by the operators from a separator and by the service

company, SGS Redwood, from a TracerFlotrtt technique'

The separator sampling conditions were:
o Time weight ave"ag-e oil production rate (equivalent to'bucket and stop watcfr melhod") over

0.5 or t hour.
. Tirne weight average water flow rate from Bs&W and oil production rate as above.

TracerFlow sampling condltlons were:
"Snap-shof rneasurernent of the oil Alater production rate €very ten minutes'

f .2 Test Prccedure

The time trable of the events and numbers of samples collected durlng the catibration process is

summarised on the no<t table. The tests were oonducted In three phases by successively

cutting down on the production rete by reduclng the water injecilion rate into the well. Theee are

refen6d to as phase A-1oo%, E-756/o, c-50* of full operational conditions wlth a period of

change / stabilizagon In between. The percentag€ stated here is an Intended effect of the cut

Uack] In reallty, the calibration and testing o<erclse was based on the online reference

measurements obtained from the saparator ano tracer flow. These measurements do not in fact

conoborate the intended cut-bac,k but the o/o labels are retalned for ease of reference,
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Table 1 - Summary of Calibration Reference Measurements

Date/Time
1 May 199E

Produclion
Condltion As a
'Notional" % of

Ooerational Flow

Number of
Separator
Samples

Number of
Esmer Samoles

Number of
Tracer

Samples

12:00 - 15:00 100 % 3 52 10

15:00 - 16:30 reducing fiow rate
stabilisation time

24

16:30 - 19:00 75o/o 4 33 10

19:00 - 20:00 reduclng flow rate
stabilisation time.

7

20:00 - 22:00 50% 6 38

llo0% rroouctroD 
I

tt!6 rrooucllor 
I lJ0% Pro6ucrlo! 

|

Fn!--:5 rv

\. P\N
\_,rJ

+- ---

13;00 l a:oo 15:00 l8:00 17100 18:00 19:00
Tlm o

Figure 11 Oil Produc{lon at Well4406 on 01/05/98

7.3 Tuning the factory callbratlon

For the Liquid / Gas Neural Net the training atabase) comprised 50

factory points and three field measurements o 100. 75 and 50 percent

flow rite data. For the Water Cut Neural Net rised 133 factory points

and three field measurements on 1 May 1998 et flow rate data- The in-

whlch we believe shall prove to be typical
than the requirement faced by other multi-
pts underlying ESMER should in fact aid to

is will be achieved with reference to a universal

database of multi-phase flow characteristics malntatned at base.

7.4 ESMER vs SeParator

We begin with tests conductad on 1 May 1998. Whila the training and test data overlap for this

date, tie range of data and observat'rons ofier greater variety and a better opportunity for

verification of the complianoe of ESMER with trends than the observations and measurements

,"d, on the preceding two dates, Besides, TracerFlow measurements are only available for

this claY,

The tests were conductad ln three stages by successively cutting down on the production rate

by reducing the water injection rate into th

C-50o/o of full operational conditlons with

following charts show the results of the predi

moving average of 5 points / 15 minutes) betwt

19:00 and 20:00 is due to a shut down of the sampling procedure). lt is seen that ESMER

trends the known variations extremely well for all three phases. These are reporled individually

ln hrrn,
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Figure 12 Water Cut Measurement at WellAA06 on 01/0S98
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Figure 14 Oil Proctuctlon at WdlM06 on 30/04/98
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Flgure 13 Gas Production at Well4A06 on 01/05/98

The results of tests for 30 Aprit '19g8 are reported next. On this day well AA06 was connected to

the Lp separator and measuremants were taken on an hourly basis frorn 8;00 to 10:00 at "100%

of full producflon' an<t from 1O:00 to 12:00 at "500,6 of full productlon". The results shown in

followlng diagrams are in excellent agreement wlth the known trends'

0
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Figure 15 Water Cut Measurement at Wetl M06 on 30/04/98
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Figure 16 Gas Production at Well4A06 on 30/04/98

7.5 Average msaauremonts

Flow rates predicted by ESMER every three mlnutes were evaluated against the reference

asured by ESMER and the Separator ovor the

three stages of the tests are summarised In the table below'
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Table 2 Comparison of Average Measurements over a Period of Observation ESMER vs

Separator

A large discrepancy was observed for gas fiow rate on 30 April. We believe that this is simply

due to the rnis-match between the averaging periods of the two measurement systems when the

flow conditions have not yet stabilised. For example, at 10 8m, when ESMER averaging

process starts (for the 11 am average at 7905 ms/d), the gas flow rates is still at the initial full

production level.

7.6 ESMER vs TracerFlow

First a few words about the Tracer Technique itself. Two types of chemicals (fiuorescent dyes)

are injected into the well head. One dye ls soluble in oil and the other is soluble in water only.

The injection continues at a constant rate for about 100-120 minutes. The technique requlres

approiimatety 100 pipe diameter distance between injection and sampling Points for complete

mixing. Sinie it is irnpossible to find a Btraight plpe section of this length on platform, the

distanie was kept shorter with the assumption of complete mixing of the dyes with the individual

oil and water phases consldering the effect of several bends on the way. The sampling point

was eet at about 4-5 m downstream of ESMER spool. The sarnples were collectad by leaking

ffow into test tubes at 10 minute intervals durlng a 90 mlnute periocl. The samples were given 3'
4 hours for separation and then analyzed under fluorescent llght to detect the amount of dye in

each phase. The main disadvantage of the technique is that lt requlres stable and homogenous

flow. The slug flow regime does not produca reliable results.

The benchmark tests were based on the same calibration system described above' That ls, the

TracerFlow data was not used in the callbration exercise up to thls point. However, it should be

said that thero is no fundamentat objection to using the TracerFlow measur€ments in the primary

factory calibration /re-tuning of the ESMER system (under those flow regimes where it works).

In principle TracerFlow should offer a better spatial and temporal match for the charac{erlsatlon

of the flow conditions in the pipeline than the separator. As shown on the dlagrams balow the

TracerFlow measurements were obtained every ten mlnutes and they facllitate a cornparison

between TracerFlow and ESMER drawn on a ten mlnuta averaging poriod.

Date/Time
1 May 1998

Production
Condition,\s a
"Notional'7o of

OperationalFlow

Devlatlon
(ESMER-
Separator)

/ESMER'I0006
OllFlowrate

Deviation
(ESMER-
Separator)

/ESMER'1004/o
Water Cut

Devtation
(ESMER- Separator)

/ESMER'1OO%
Gas Flowrate

lMay
12:00 - 15:O0

100 Yo 4.5% 0.6% 4j%

16:30 - 19:0O 75% +6.17o, -1.5% nla

20:00 - 22:00 s0% +14.9o/o -O.2Yo nla

30Apr
9:00 - 10:00

100 % +1.zyo -1,ZYo +0,50/o

11:00-12:00 50o/o 6.4Vo nla +60%

29 Apr
1 5:00 - 19:00

100 % 8.3% -O.7o/o 2.8%
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Figure 1 7 Comparison Of ESMER vS TracerFlow al75o/o production

The next table sumrnarises the average deviatlon between the tw'o rn€asurement systems' The

average is applied as an arithmetical average of measure-ments taken every ten minutes over

the fuiioourse of the two stages of the tests taUeteO ?s 100o/o and 757o production conditions'

Table 3 Average Deviation between ESMER vs Tracer

I coNcLUSloNs

TheEsMERapporsandcomplexsigna|
proc€ssing, can b ' there are relatively few

people at present This has been the main

bimi:urty in promot ent to date'

The system tested on Auk, comprising a straight pipe with off-the-shelf pressure and lmpedance

sensors, gives rasult" tnibn Uear go6d comiariion wlth any evailabla multiphase meter' The

accuracy of the meter is about 1G15% relative on all three phases'

Adjusting the laboratory derlved meter calibratlon to fteld condltions proved relatively

straightfonrarO, n tew RetO sampte points based on the operators' experience were added to the

laboratory data and the system was retralned'

The ESMER approach is particularly suited to low cosumedium aocuracy applications, but there

are no fundamental llmits to the performance that can be achioved using this approach. This

means that with lmproved sensors, and, more importantly, with better quality training data' high

p"rfor."n.. muttiphase metering is perfectly feaslble without significant increase in hardware

costs.

Deviation
(ESMER- Tracer)
/ESMER'100%

Water Cut

Deviation
(ESMER'Tracer)
/ESMER'lOO%

OilFlowrate

Condition As a
"Notional" % of

13:45 - 15:15
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